불완전 수리에서의 수리시간한계를 가진 교체모형
Introduction
For repairable systems, the maintenance plan during life cycle is important and affects the life cycle cost. Usually we can repair the failed system or sometimes replace it by new one. The maintenance engineer estimates repair cost (time) and if the repair cost (time) is relatively cheap (short), the failed system is repaired, otherwise, replaced by new one. A lot of papers deal with replacement problems based on repair limit. In the existing literature, the proposed models may be classified into two main types: repair-cost limit and repairtime limit models. In the repair-cost limit models, when a unit fails, the repair cost is estimated and repair is undertaken if the estimated cost is less than a pre-specified cost limit. Otherwise, the unit is replaced (Wang and Pham, 2005) . In the repair-time limit models, a unit is repaired at failure: if the repair is completed within a pre-specified time, it is put into operation again. Otherwise, it is replaced by a new one and the new one is used. This paper concerns a repair-time limit replacement model. The repair-limit replacement problems are considered by Drinkwater and Hastings (1967) . Hastings (1968 Hastings ( , 1969 Hastings ( , 1970 , Lambe (1974) and White (1989) formulate the repair limit replacement problems by applying the dynamic programming. Love et al. (1982) and Love and Guo (1996) consider repair limit problems in vehicle replacement cases. Nakagawa and Osaki (1974) , Osaki (1981, 1982) , Muth (1977) , and Murthy (1980, 1981) derive the optimal repair-time limits minimizing the expected cost rates with and without discounting. Dohi et al. (1995 Dohi et al. ( , 1996 Dohi et al. ( , 1997 Dohi et al. ( , 1998 Dohi et al. ( , 2000a Dohi et al. ( , 2000b Dohi et al. ( , 2001a Dohi et al. ( , 2001b Dohi et al. ( , 2003a Dohi et al. ( , 2003b Dohi et al. ( , 2006 Dohi et al. ( , 2007 Dohi et al. ( , 2010 deal with cost and profit models in repair time limit problems with and without discounting. In particular, Dohi et al. (1998 Dohi et al. ( , 2006 Dohi et al. ( , 2010 consider stochastic profit models recently under earning rate criterions. Dohi et al. (1995 Dohi et al. ( , 1996 Dohi et al. ( , 1997 Dohi et al. ( , 1998 Dohi et al. ( , 2000a introduce the concept of subjective repair-time distribution and considered graphical optimization problems to minimize the expected cost in estimation of the optimal decision. Dohi et al. ( , 2000a Dohi et al. ( , 2001a Dohi et al. ( , 2001b Dohi et al. ( , 2003b ) also study imperfect repair models. For an excellent survey of repair-time limit replacement problems, see Dohi and Kaio (2005) . In the most models related to repair-time limit policies, the exact repair times are not known before completing the repair. Kim and Yun (2010) consider a repair time limit model with estimation error.
In this paper, a profit model in repair time limit problem with imperfect repair is studied. If the estimated repair time is less than the repair time limit, the failed unit is repaired but the unit after repair is different from a new one (imperfect repair). Otherwise, we order a new unit to replace the failed unit. The long run average profit (expected profit rate) is obtained and the optimal repair time limit maximizes the expected profit rate. Two special cases about repair time information are derived. 
Notation

A Repair Time Limit Replacement Model
In this section, we consider a repair time limit replacement model with imperfect repair. Consider a simple system that is repairable and can be replaced by a new unit. Once the machine is failed, the maintenance engineers wish to decide whether to repair it or order a new unit for replacement. Basically, the repair times can be considered as a random variable and it is assumed that the unit after repair is different from the new one. The mean failure times after repair and replacement are   and   respectively. If the new one unit is ordered, then it is delivered after the lead time L. it is assumed that the replacement time is negligible. In the repair time limit replacement model, we decide to repair or replace the unit (ordering a new unit) based on the estimated repair time.
We assume that we can estimate the actual repair time   before repair but there is the estimation error in estimation. Once the machine is failed, we estimate the repair time. If the estimated repair time is greater than a pre-specified limit   , then we order a new unit. After the new unit is delivered after the lead time L, the failed unit is replaced by the new one and it is operated, where the replacement time can be negligible. Otherwise we repair the failed part. In case that the actual repair time is less than   but the repair time is estimated greater than   , a replacement is carried out. In the reverse case, a repair is performed over   . It is assumed that the estimated repair time, T e is a function of the actual repair time and estimation error, i.e. T e = T a +ε. Given the actual repair time T a = t, the estimated repair time is T e |t, whose conditional probability density function is denoted as h(u|t).
In this paper, we consider the decision point of repair and replacement as the starting point of a cycle and the time to failure of units as the ending point of a cycle. We consider earning rate for operation period, ordering cost, repair cost and penalty cost for downtime. The length and profit of a cycle depend on our repair/replacement decision based on the estimated repair time.
To obtain the expected duration and profit of a renewal cycle, we first consider the conditional expected duration and profit, and then obtain the unconditional ones. If the actual repair time is given as t, then the estimated value of repair time for a given actual repair time is a random variable with conditional distribution function,             ≤     . Since the decision point about repair and replacement is regarded as a renewal point, the expected duration of a renewal cycle for a given actual repair time is given by
Also, the expected profit of a renewal cycle for a given actual repair time becomes
Thus, the unconditioned expected duration and profit of a renewal cycle, which are denoted by      and     , respectively, can be written as
From the renewal reward argument, the expected profit rate under imperfect repair which is denoted by      can be written as TP p1 (t 0 ) = V L1 (t 0 )/T L1 (t 0 ). The optimal repairtime limit,    is the value maximizing the expected profit rate and the optimal profit is given by
In general case, it is difficult to obtain analytically the optimal solution of the Equation (2). We consider a special case where the expected profit rate over an infinite time horizon can be derived as a closed form. The estimated repair time, T e is a function of the actual repair time and estimation error, i.e. T e = T a +ε where the estimation error is assumed to be an independent and normally distributed random variable with mean 0 and variance σ e 2 . We also assume that given the actual repair time T a = t, the estimated repair time T e |t, has an independent and identical normal distribution with mean t and variance σ e 2 , i.e. T e |t~N(t, σ e 2 ). Secondly, the actual repair time, T a is assumed to follow a normal distribution with mean, μ a and variance, σ a 2 . Generally, normal distribution has the following results (Kim and Yun, 2010) ;
Using the previous results, the expected duration and profit of a renewal cycle are given by
For normally distributed repair times, the closed form of the expected profit rate is obtained. It is difficult to obtain the optimal repair time limit to maximize the expected profit rate analytically but we can find the approximate optimal solutions numerically from Equation (3).
Special Cases
In this section, we consider two special cases in the repair time limit model with imperfect repair and all model assumptions are same as in section 2.
Firstly, we assume that we have no information about repair time at decision points for repair and replacement but know only general information (distribution of repair time). Thus, it is impossible to decide to repair or replace the failed unit based on the estimated repair time. In this model, we start to repair the unit immediately when it is failed. If the repair is completed up to the time limit   , then we operate the unit again. Otherwise, we scrapped the unit and order a new unit, and the new unit is delivered after the lead time L.
In this model, the total expected profit for a cycle consists of the expected repair cost and total earning amount. The expected cost is same as The expected duration of one cycle is same as
The expected profit rate under no information which is denoted by      can be written as
• Theorem 1 : (1) If the repair-time distribution  is IHR (increasing hazard rate), the optimal repair time limit is 0 (always repair case) or infinite (always ordering case). (2) If the repair time distribution G(t) is strictly DHR (decreasing hazard rate), there exists a finite and unique optimal repair time limit          ∞ under some conditions (Kaio and Dohi, 2005) and the corresponding minimum expected profit rate is given by
Secondly, we assume that we can estimate the repair time perfectly. When the system is failed, the repair time can be Figure 1 . Long-run average profit rates per unit time under various values of σ e estimated and known. This special case is equal to the model in Dohi et al. (2006) . If the estimated repair time is less than   , we start to repair the failed system. Otherwise, we order a new unit and replace the system after the unit is delivered after a lead time. Then, in this model, the total profit for a cycle consists of the expected repair cost and total earning amount. The expected cost is same as
The total earning amount for a cycle is             .
The expected duration of one cycle is same as
The expected profit rate under perfectly estimated repair time which is denoted by      can be written as
• Theorem 2 : (1) If the repair-time distribution  is IHR (increasing hazard rate), the optimal repair time limit is 0 (always repair case) or infinite (always ordering case). (2) If the repair time distribution G(t) is strictly DHR (decreasing hazard rate), there exists a finite and unique optimal repair time limit          ∞ under some conditions (Kaio and Dohi, 2005) and the corresponding minimum expected profit rate is given by
We derived the expected profit rates of two special cases. The difference between three cases is the information amount about repair times at failures. Thus, we can evaluate the value of information from three cases, for example, the expected value of perfect information per unit time (EVPI). From Equation (4) and Equation (6), we find the optimal repair time limits and EVPI is given by
Thus, the cost to get the perfect information should be less than EVPI to use the perfect information. Using similar way, we can evaluate the value of partial information.
Illustrative Examples
In this section, we present numerical examples to illustrate the analysis and obtain the optimal repair time limits. Suppose that the actual repair time distribution follows a normal distribution with mean     and standard deviation    .
The standard values of other cost and model parameters are given as                      , and k = 2. We consider some cases with different values of    , and find some trends of optimal repair time limits.
Using Equation (3)～Equation (6), we calculate the expected duration, profit of a renewal cycle and the long run average profit per unit time. We used Matlab 7.0 to calculate these equations and find the optimal   to maximize the long run average profit rate. <Figure 1> shows the long run average profit rates with different values of   and k = 2. From <Figure 1>, we can know that the long run average profit rate and the optimal repair time limit decrease as the variance of estimation error increases. It means that if it is not easy to estimate the repair time precisely, we prefer ordering the new one to repairing.
To investigate the effect of penalty cost of machine breakdown and the degree of imperfect repair, we consider some cases with various values of the degree of imperfect information (      ). <Figure 2> and <Figure 3> show that the optimal repair time limit increases if the penalty cost k and the mean life after repair increase. It implies that the repair is preferred to replacement as the penalty cost becomes relatively large or the mean life after repair is long. In addition, we can know from <Figure 4> and <Figure 5> that the optimal repair time limit increases as the lead time increases. In particular, the difference between the optimal repair time limits decreases as the lead time increases and the optimal repair time limit eventually converge to the same value. 
Conclusions
In this paper, we considered a repair-time limit replacement model with imperfect repair and estimation error. The repair time is assumed to be a random variable but the replacement time with a new unit is negligible. In order to replace the failed unit, the new unit should be ordered and is delivered after a lead time L. If a system fails, we should decide to start to repair or to order a new unit. Based on the available information for repair time, we can choose one among repair and replacement options and we estimate the repair time to recover the system failure. If the estimated repair time is less than the pre-specified limit, then we start to repair the failed system. Otherwise we order the new item and finally replace the system. We studied a profit model with partial information about repair time and imperfect repair. The expected profit rate was derived and some special cases have been studied. For further studies, repair time limit models with preventive maintenance, repair time limit models with finite time horizon, and repair time limit optimization problems with finite or random time horizon (Nakagawa and Mizutani, 2009 ) may be promising topics.
